Introduction
The disproportionately high HIV infection rates among young women in many developing countries indicate an urgent need for HIV prevention options initiated by women. Condoms, when correctly and consistently used, have been shown to prevent HIV transmission; however, this method may not be available to women who are unable to negotiate condom use with their male partners [1-3].
Microbicides are products designed to be applied to the vagina or rectum for the purpose of reducing the acquisition of sexually transmitted infections (STIs) including HIV [4] . In the last year, we have seen new developments in this field ranging from basic and social/behavioural science research to results of large-scale clinical trials. Some of the published work is reviewed here.
Microbicide gels: recent clinical trials and research
To date, six candidate microbicides have been tested in clinical trials to assess their efficacy. These included N9 (sponge, film and gel formulation) [5] [6] [7] , Savvy (C31G; Cellegy Pharmaceuticals, Huntington Valley, PA, USA) [8, 9] , cellulose sulphate [10, 11] , Carraguard (PC-515; Clean Chemical Sweden [CCS] , Borlänge, Sweden) [12] , PRO 2000 (Endo Pharmaceuticals, Chadds Ford, PA, USA) [13] and BufferGel (ReProtect LLC, Baltimore, Maryland, USA) [14 ] . All products were shown to have no effect on HIV, with two -cellulose sulphate and N9 -showing a trend towards increased risk of HIV infection.
After a decade of research, a glimmer of hope for a possible proof of concept was raised in the trial testing PRO 2000, a sulphated polymer [14 ] . The HPTN 035 trial, funded by the National Institutes of Health, was designed to test the safety and effectiveness of the BufferGel and 0.5% PRO 2000 microbicide gels for the prevention of male-to-female HIV transmission. The phase II/IIb, four-arm randomized, placebo-controlled trial was conducted in Malawi, South Africa, Zambia, Zimbabwe and the USA. A total of 3087 women were followed up for an average of 20.4 months with a retention rate of over 90% and adherence to product use of 81.1%. The results suggested that 0.5% PRO 2000 reduced the rate of HIV acquisition in women by 30% but the results were not statistically significant [hazard ratio vs. no gel 0.7, 95% confidence interval (CI) 0.4-1.0, P ¼ 0.06]. PRO 2000 had no effect on STIs or prevention of pregnancy. BufferGel had no effect on transmission of HIV or STIs and did not prevent pregnancy. Both products were safe to use [14 ] .
Another trial testing PRO 2000 in two concentrations (0.5 vs. 2%) against a placebo (MDP 301) was conducted by the UK-based Microbicides Development Programme. The trial was conducted among 9380 women from Uganda, Zambia, Tanzania and South Africa. The women were followed up for an average of 12 months with a retention rate of over 80%, whereas reported adherence was more than 80%. In early 2008, a recommendation was made by the Data and Safety Monitoring Committee to drop the 2% arm due to futility. The final data released in December 2009 suggested that although both concentrations of PRO 2000 were well tolerated, 0.5% had no effect on HIV acquisition [hazard ratio vs. placebo (95% CI) 1.05 (0.82-1.34)] [15]. These results eclipsed the glimmer of hope raised by the HPTN 035 trial.
These disappointing results raised concerns about the relevance and adequacy of preclinical data used to advance products into large-scale clinical trials. As expected, several groups analysed various factors ranging from basic science to study design and adherence to products to better understand the clinical trial outcomes of what seemed like promising products.
Although products such as PRO 2000, cellulose sulphate and Carraguard are all classified as polyanions, members of this class differ chemically from each other, with variations in pharmacological, toxicological and antiviral properties [4] . Given that all the mentioned polyanions have failed to show efficacy against HIV in clinical trials and cellulose sulphate appears to increase risk, Sonza et al. [16 ] conducted studies to determine whether SPL7013 and PRO 2000 enhanced HIV-1 replication in human peripheral blood mononuclear cells in vitro. They concluded that SPL7013 and PRO 2000 did not enhance HIV replication in vitro, and that any enhancement observed in vitro may be related to assay conditions and is not an intrinsic property of the compounds tested. These authors suggest that adherence to product use by study participants and its antiviral potency is more relevant for its in-vivo efficacy relative to the extent to which the product compromises the integrity of the genital tract, increases inflammation and interferes with immune function.
In keeping with research on polyanions or entry inhibitors, a phase II extended safety study [17] of two Invisible Condom (Universite Laval, Quebec, Canada) formulations was conducted among 220 Cameroonian women. Invisible Condom is formulated in the following two ways: as a polymer gel, which acts as a physical barrier that blocks entry of pathogens, and as a polymer gel with added sodium lauryl sulphate, which provides an additional chemical barrier. The authors report that both formulations and applicators were well tolerated and acceptable for twice-daily application for 8 weeks.
von Mollendorf et al. [18] published the results of a safety and feasibility study of the cervical diaphragm used with ACIDFORM gel or K-Y Jelly. ACIDFORM is an acidbuffering gel, which helps to maintain the acidic vaginal pH, and is spermicidal. The objective was to use a microbicide gel in combination with a physical barrier to determine the safety and feasibility of a dual method of protection. Pelvic safety assessments included assessment of vaginal symptoms, abnormal pelvic examination findings or noniatrogenic colposcopy findings. Overall, there were more safety events in the ACIDFORM gel arm compared with the K-Y Jelly arm, although this difference was not statistically significant. The authors concluded that on the whole, women liked the use of dual methods of protection against HIV. Although ACID-FORM may not display the high specificity to HIV required for HIV prevention, the use of the diaphragm together with a highly active antiretroviral (ARV) product may contribute to prevention of certain STIs [19] . Kyeong-Ae et al. [21 ] showed that fragments of prostatic acid phosphatase, which form amyloid-like aggregates (also known as 'semen-derived enhancer of viral infection' or SEVI [22] ), are the factor in semen, which decreases the effectiveness of microbicides. SEVI binds to both HIV and target cells and thus facilitates viral fusion; only certain anionic polymers were found to inhibit this activity [23 ] . The identification of microbicides that are active in the presence of semen/SEVI would be a positive step towards the development of effective products.
Research into factors influencing the outcomes of trials
Others provide further explanations as to why cellulose sulphate and N9, for example, may have contributed to the increased risk of HIV acquisition. Mesquita et al.
[24 ] used a dual chamber culture system to measure transepithelial electrical resistance (TER) to evaluate the effect of microbicides on epithelial barriers, expression of tight and adherens junctional proteins and subsequent ability of HIV to cross this barrier and infect target cells cultured in the lower chamber of the model. They showed that exposure to N9 or cellulose sulphatebut not tenofovir or PRO 2000 -resulted in a rapid and sustained reduction in TER and a marked increase in HIV infection. They concluded that epithelial barrier disruption resulted in the increased risk of HIV acquisition observed in the N9 and cellulose sulphate trials, and that cellulose sulphate may also have enhanced HIV replication. The authors recommended that more comprehensive in-vitro safety tests are needed, with more stringent preclinical assessment of moderate safety, which could be more predictive of clinical outcome.
Mâsse et al. [25 ] used a statistical model to provide further explanations as to why the products tested to date have not been found to be effective. They propose that 'diluting' factors such as adherence, time off product due to pregnancy, acquisition of HIV infection through anal intercourse and the lubricating/physical barrier effect of the placebo may render an efficacious product apparently less effective in clinical trials. For example, in completed trials, the true efficacy of an active gel might be 50%, but dilution effects could reduce the overall effectiveness to the range of 24-33%. When estimating the efficacy of a product during protocol development, consideration should be given to the impact of dilution factors. This option will allow for more accurate estimation of the overall efficacy one is likely to see.
Given that accurate reporting of sexual behaviour data is important to mitigate adherence as a dilution factor (as described above), Norris Turner et al. [26 ] used audio computer-assisted self interviews (ACASIs) in a small number of women to determine accuracy of reporting. In their study of 132 women, 104 women reported that they had misinformed trial interviewers at least once for several reasons: politeness, to avoid criticism or seek praise or to avoid embarrassment. The desirability bias is high in clinical trials and further research is needed on strategies that encourage participants to report accurately on their sexual behaviour, practices and adherence to product use.
Tolley et al. [27 ] reviewed adherence measures in all the trials conducted to date. Analysis of adherence to product use is critical in clinical trials of microbicides in order to determine effectiveness, provide additional evidence to support trial results, understand safety and understand acceptability. Several mechanisms for measuring adherence have been used in past microbicide clinical trials; these have included both direct and indirect measures. Direct measures could facilitate the collection of unbiased data, which would improve the determination of product effectiveness. Indirect measures fall into two categories: objective measures and self-reported measures. Self-reported measures are generally considered the most susceptible to error; Tolley et al.
[27 ] suggest that triangulation techniques employing more than one measurement method may resolve such errors and contribute to greater accuracy. Successful development of methods to enhance both adherence and its measurement will enable researchers to interrogate data on a far more sophisticated level than is now possible [27 ] .
Drug delivery systems
Selection of an appropriate drug delivery system is important if the intervention is to be acceptable and user friendly. Rohan and Sassi [28] outline some of the challenges of designing drug delivery systems. They propose that prior to identifying the drug delivery system, the manufacturers need to clearly understand the chemical and physical characteristics of the potential drug candidate and its mechanisms of action. Coupled with this should be a thorough understanding of the vaginal environment, tissues and the natural defence mechanisms present. Although the majority of the products tested to date have been formulated as vaginal gels, new developments include vaginal tablets, films and rings. An efficacious microbicide should be formulated in a delivery system which is acceptable to users and accords with their potential social and cultural preferences.
The new generation of microbicide products
Given the low specificity to HIV indicated in all the microbicide products tested in large-scale trials to date, the logical extension to finding novel and highly effective strategies for prevention of acquisition of HIV was to use potent but well tolerated ARV agents, which have good safety and tolerability data and are already used in the treatment of HIV infection. Preexposure prophylaxis (PrEP) with ARVs has been effective in preventing mother-to-child transmission of HIV [29] . The concept is now extended to determine the role of oral and vaginally administered ARV prophylaxis for HIV prevention in heterosexuals and homosexuals [30 ] .
Evidence derived from studies [31, 32] on mice and macaques suggests that systemic ARVs can provide protection from HIV infection, and supports both daily and intermittent use. ARV-based microbicides developed as gels are now undergoing testing in ongoing phase I, II and IIb trials [33] . Tenofovir and emtricitabine/tenofovir (Truvada; Gilead Sciences Inc., Foster City, California, USA) are the products of choice based on their good safety and tolerability data.
A novel delivery system for microbicides is the intravaginal ring (IVR). Dapivirine (TM120), a lead candidate nonnucleoside reverse transcriptase inhibitor (NNRTI), has been incorporated into such a ring for sustained mucosal delivery. Use of an IVR for drug delivery is expected to increase adherence and efficacy over that achieved with the conventional direct application of a microbicide gel. A phase I trial [34 ] compared a matrix IVR (25 mg dapivirine uniformly dispersed) and reservoir IVR (25 mg dapivirine and 25 mg radio-opaque barium sulphate) against a placebo IVR. Reservoir type rings have a central core containing the active drug surrounded by an unmedicated outer ring, whereas the active ingredient is dispersed throughout the ring in the matrix type [35] . The authors reported that both IVRs were safe and well tolerated [34 ] .
Chief among concerns regarding the use of ARVs for PrEP have been the possibility of systemic uptake and development of viral resistance. Data from clinical trials [36] [37] [38] have shown that ARVs from microbicides may be absorbed through the vagina, but that the concentration of the compounds in the blood was several orders of magnitude smaller than that found for oral administration [36, 37] . This suggests that the likelihood of systemic toxicity may be lower than that experienced with oral formulations. Were a microbicide with a high propensity to cause resistance to be widely used, the risk could be outweighed by decreased transmission if the product is moderately efficacious [39] . Eight countries have implemented the WHO methodology for surveillance of HIV drug resistance mutations and all reported less than 5% transmitted resistance to all drugs and drug classes [40] . However, further research on the possibility of development of drug resistance in HIVpositive microbicide users and transmission of resistant virus to users from partners is needed. This is particularly pertinent for the use of tenofovir-containing microbicides in Africa, as subtype C virus has been shown to rapidly develop the K65R mutation in culture [41] , although the diminished rate of transmission and lowered replicative capacity of viruses with this mutation must be weighed against this ability [42, 43 ] . In order to detect seroconversion as early as possible and minimize the development of resistance, stringent HIV testing regimes have been included in current trials of tenofovir-containing microbicides -product use is halted as soon as seroconversion is detected. Licensure and rollout of an effective ARV-containing microbicide will necessitate the development of adequate infrastructure and human capacity for frequent testing and counselling of users.
Safety studies in men
Very few studies have assessed the safety of topical application of microbicide gels directly to the penis. Schwartz et al. [44 ] undertook a study among circumcised (n ¼ 18) and uncircumcised (n ¼ 18) men randomized to receive either tenofovir gel or K-Y Jelly. The gels were applied to the penis at bedtime and washed off 6-10 h later. Reported genital symptoms were mild and resolved by the end of the study, with no difference observed in the circumcised vs. uncircumcised group. The authors concluded that men exposed to tenofovir gel during unprotected intercourse with gel users would be unlikely to experience significant genital or systemic toxicities.
A similar study [45] was conducted with candidate vaginal gel SPL7013 (VivaGel; Starpharma Holdings Ltd., Melbourne, Victoria, Australia) to determine the safety of the gel among uncircumcised and circumcised men. The results suggested that SPL7013 was well tolerated [45] .
These findings are important, as women prefer to inform their primary partner about gel use; this is in contrast to the previous belief that the ability to use microbicides covertly was important. However, a study [46] in the USA reported that women in the trial preferred products that could not be noticed by the primary partner, but that added lubrication and provided sexual pleasure without generating opposition from partners. The value placed upon the possibility of covert use is likely to be context and location specific.
Rectal microbicides
Heterosexual anal sex is widely practiced among couples in Africa and elsewhere. The use of N9-containing lubricants as an anti-HIV measure among men who have sex with men was noted before it was tested for the same purpose among women in clinical trials [47] . It is generally assumed that if effective, microbicides would be used for vaginal and rectal application by both men and women.
Research on rectal microbicides has gained momentum in recent years. Vaginal candidate UC781 (Conrad, Arlington, Virginia, USA), an NNRTI, was tested for acceptability among HIV-1-uninfected adults [48 ] . The phase I blinded, placebo-controlled trial enrolled 10 women and 26 men into three groups of 12, randomized to receive 0.1% UC781 gel, 0.25% UC781 gel or a placebo gel (hydroxyethyl cellulose). The gels were similar in volume and to touch, but had variable viscosity and colour. Gels were administered in a single dose after a preparatory enema. Participant product acceptability questionnaires were administered via web-based ACASI. Overall 56% of the participants liked the gel (irrespective of which gel group), whereas the rest of the participants felt neutral. Formulation-associated factors such as colour, smell, taste and consistency were well accepted. Application-associated factors such as the process of applying the product were neutrally rated; on the contrary, the applicator was not well liked.
Given that safety of the microbicide for vaginal or rectal use is of the utmost importance, Patton et al. [49] developed a standardized protocol for preclinical rectal safety and (chlamydial) efficacy assessment of topical microbicide candidates in a nonhuman primate model. Their study suggests that product development should continue if the candidate meets the following safety criteria in macaques: rectal microflora remained stable, pH remained stable and changed only transiently and there was no evidence of gross tissue damage. Reformulation was recommended if any of the following were observed: presence of grossly identifiable blood/red blood cells, epithelial sheets of at least 3 mm in dimension in quantities greater than those observed in the control arm, resistant changes in pH, significant decrease in H 2 O 2 -producing microorganisms, increase in pathogenic organisms, suppression of microflora or all.
Of the 12 products that underwent safety evaluation, two formulations of one product showed severe negative effects on the rectal environment (combination formulations of SPL7013 and BufferGel). The authors caution against extrapolating rectal safety evaluations to the vagina, as these are anatomically and histologically distinct. They point out that the fragile nature of the rectal compartment means it is likely to be more vulnerable to irritation, sloughing and infection. Preclinical evaluation in an animal model such as theirs can provide significantly more detailed information and early warning of products that may have harmful effects, assisting us to steer more promising products into clinical trials [49] .
Conclusion
For the past 12-18 months, publications on microbicides have primarily focused on results of clinical trials and investigations into preclinical, methodological and social factors that may have contributed to disappointing outcomes. From lessons learned in past trials, the field is beginning to unpack the complexity of microbicide research. In this way, it is becoming increasingly equipped to overcome the existing challenges, with renewed commitment, hope and determination to find a women-initiated HIV prevention option.
